Abstract A premature senescence and death 128 (psd128) mutant was isolated from an ethyl methane sulfonate-induced rice IR64 mutant bank. The premature senescence phenotype appeared at the six-leaf stage and the plant died at the early heading stage. psd128 exhibited impaired chloroplast development with significantly reduced photosynthetic ability, chlorophyll and carotenoid contents, root vigor, soluble protein content and increased malonaldehyde content. Furthermore, the expression of senescence-related genes was significantly altered in psd128. The mutant trait was controlled by a single recessive nuclear gene. Using mapbased strategy, the mutation Oryza sativa cell division cycle 48 (OsCDC48) was isolated and predicted to encode a putative AAA-type ATPase with 809 amino-acid residuals. A single base substitution at position C2347T in psd128 resulted in a premature stop codon. Functional complementation could rescue the mutant phenotype. In addition, RNA interference resulted in the premature senescence and death phenotype. OsCDC48 was expressed constitutively in the root, stem, leaf and panicle. Subcellular analysis indicated that OsCDC48:YFP fusion proteins were located both in the cytoplasm and nucleus. OsCDC48 was highly conserved with more than 90% identity in the protein levels among plant species. Our results indicated that the impaired function of OsCDC48 was responsible for the premature senescence and death phenotype.
INTRODUCTION
Leaf senescence, the final phase of the development of a plant leaf, is a genetically programmed developmental process and is tightly linked to crop yield and biomass production (Wu et al. 2012) . Early occurrence of leaf senescence or premature leaf senescence caused either by environmental stresses or internal genetic factors often lead to a greater loss of the final yield and lower quality of crop grain. In contrast, delayed leaf senescence or so-called stay green shows potential positive effects on plant yield and survival (Thomas and Howarth 2000; Rivero et al. 2007; Yoo et al. 2007 ).
Characterization of internal genetic factors mediating leaf senescence is critical to the understanding of its molecular genetic basis. So far, a profile of senescence-associated genes (SAGs) encoding for transcription factors, enzymes and proteins has been identified in different plant species (Wu et al. 2012; Seo 2014) . One of the important enzymes associated with leaf senescence and plant survival is the eukaryotic CDC48 (cell division cycle 48) protein belonging to the AAA-ATPase family. CDC48 is well known for its wide range of cellular functions including endoplasmic reticulum associated protein degradation (ERAD), DNA replication, cell proliferation and senescence (Ye et al. 2001; Mouysset et al. 2008; Park et al. 2008; Bae et al. 2009; Kuhlbrodt et al. 2011) . Its encoding gene CDC48 was first identified in a yeast (Saccharomyces cerevisiae) screen for conditional mutations affecting the cell cycle (Moir et al. 1982) . To date, the homologous CDC48 genes have been identified in the yeast, several animal and plant species (Bar-Nun 2005; Mouysset et al. 2006; Park et al. 2008; Ballar et al. 2011) .
The mechanism of CDC48-regulated apoptosis and leaf senescence or plant survival is complicated and largely unknown. Madeo and colleagues (1997) found that a single base substitution in CDC48 could alter the sensitivity of yeast to cold treatment and lead to cell apoptosis. Similarly, a point mutation in the CDC48 homolog, p97/VCP, causes retarded cellular proliferation and apoptosis of human B-lymphocytes (Shirogane et al. 1999) . In Caenorhabditis elegans, simultaneous depletions of CDC48.1 and CDC48.2 result in the embryonic lethality completely (Yamanaka et al. 2012) . Furthermore, RNA interference (RNAi) of CDC48 and its cofactors (Ufd1 and Npl4) inhibits the proliferation of embryonic cells and increases the rate of embryonic lethality in C. elegans (Mouysset et al. 2006; . RNAi also disturbs the disassembly of spindles and ERAD in Xenopus egg extracts, yeast and C. elegans (Cao K et al. 2003; Cheeseman and Desai 2004; Mouysset et al. 2008) . Interestingly, overexpression of TbVCP-1, a CDC48 homolog from Trypanosome could completely abort the cell cycle and lead to apoptosis of most cells within 24 h (Lamb et al. 2001) . Although the mechanism of CDC48-mediated cell death remains to be elucidated, it is believed that the multiple functions of CDC48 mainly depend on its cofactors. For examples, the serine/ threonine kinase Pim-1 is cooperated with CDC48 to prevent apoptosis, and mutations in CDC48 could trigger the cellular apoptosis (Shirogane et al. 1999 ). More recently, it has been found that CDC48/p97 could modulate the aging and senescence in cooperation with the deubiquitinating enzyme ataxin-3 in human beings (Kuhlbrodt et al. 2011) .
In the present study, we have identified a rice premature senescence and death 128 (psd128) mutant. Here, we present the results of phenotypic and physiological characterization, map-based isolation and functional validation of the mutation. We show that a single base substitution leading to a premature stop codon in OsCDC48 (Oryza sativa cell division cycle 48) is responsible for the premature senescence and death phenotype in rice.
RESULTS

Phenotypic performance of psd128
The premature senescence and death 128 (originally coded as HM128) mutant was obtained from mutagenesis of cultivar IR64 using ethyl methane sulfonate (EMS). psd128 displayed lower germination rate and slower germination ( Figure 1A ), retarded growth and development of roots and leaves than those of the wild-type IR64 (Figure 1B, C; Table S1 ). The most significant changes between psd128 and IR64 appeared at the 6-leaf seedling stage under field conditions when the second leaf of psd128 became yellowish with brown spots ( Figure 1D ). This phenotype first appeared on the leaf tip and spread gradually downward to cover the whole leaf blade. Subsequently, the older leaves turn white and wilted gradually, and the plants died almost completely except a few flag leaves at the early heading stage ( Figure 1E, F) . DAB (3,3-diaminobenzidine tetrachloride) staining indicated that accumulation of H 2 O 2 was presented in and around the brown spots in the spotted leaves of psd128 while the normal green leaves of psd128 and IR64 were clear ( Figure 1G ). Ultimately, psd128 had shorter panicles and lower seed-setting rate ( Figure 1H ), smaller grains with brown spotted hull ( Figure 1I ), severer chalkiness of milled rice in contrast to those of IR64 ( Figure 1J ). Except the number of panicles, other major agronomic traits including the plant height and 1000-grain weight were all significantly reduced in psd128 than those of IR64 (Table 1) .
Physiological alterations of psd128
To determine the direct cause for the yellowish and whitish leaf phenotype of psd128, we first examined the chlorophyll contents at different leaf developmental stages. Before the initiation of premature senescence there were no significant differences in the contents of chlorophyll a (Chl a), chlorophyll b (Chl b) and carotenoid between psd128 and IR64 at the four-leaf stage. However, at the six-leaf stage when the premature senescence phenotype appeared in psd128, the contents of Chl a and carotenoid were significantly lower than those of IR64 while no significant alteration was detected in the content of Chl b between the two genotypes (Table S2) . At the maximum tillering stage when the premature senescence phenotype became more severe in the older leaves, the contents of Chl a, Chl b and Chl a/b ratio, except carotenoid in the 2nd upper leaves with slightly yellowish phenotype in psd128 were significantly lower than those of IR64. The contents of Chl a, Chl b, Chl a/b ratio and carotenoid in the 4th upper leaves with apparent senescence in psd128 were all significantly lower than those of IR64 (Table 2) . At the early heading stage, the contents of Chl a, Chl b and Chl a/b ratio in the flag leaves were apparently reduced in psd128 in contrast to IR64 while the content of carotenoid was significantly higher than that of IR64. The contents of Chl a, Chl b and Chl a/b ratio except carotenoid in the 2nd upper leaves of psd128 were significantly reduced than those in IR64. The contents of Chl a, Chl b, Chl a/b ratio and carotenoid in the 3rd upper leaves of psd128 were all significantly reduced compared to those of IR64 (Table S3 ). Our results indicated that psd128 was a chlorophyll and carotenoid-deficient mutant.
We next examined the photosynthetic parameters and found that there were no significant alterations at the maximal tillering stage in the net photosynthetic rate (Pn), stomatal conductance (Gs), intercelluar CO 2 concentration (Ci) and transpiration rate (Tr) between psd128 and IR64 in the 2nd upper leaves without premature senescence (Figure 2A-D) . However, Ci of the 3rd upper leaves of psd128 with the mutant phenotype was significantly higher than that of IR64 while no obvious changes were detected in Pn, Gs and Tr between the two genotypes (Figure 2A-D) . At the early heading stage, the maximum quantum yield of PSII (Fv/Fm), effective quantum yield of PSII (Y(II)) and electron transport rate (ETR) were all significantly reduced in psd128 compared to those of IR64 in the 2nd upper leaves and flag leaves ( Figure 2E-G) . The results indicated that psd128 had impaired photosynthetic ability in the premature senescent leaves.
We next examined the ultrastructure of chloroplasts using transmission electron microscopy. The results showed that fully developed chloroplasts in mesophyll cells were presented in the normal green leaves of psd128 and IR64 ( Figure 3A-D) while a reduced number of chloroplasts, decreased number of thylakoid laminar layers, poor arrangement of grana and increased number of osmiophilic granules were observed in the premature senescent leaves of psd128 ( Figure 3E-F) , indicating that the mutation significantly affected the development of chloroplasts.
A large array of enzymes is associated with plant development and aging. To determine the activity of critical enzymes associated with the plant vigor and scavenging of active radical ions, we first measured the activity of dehydrogenase in the root (Zhang 1992) . The result showed that the levels of 2,3,5-triphenyl tetrazolium chloride (TTC) were all significantly reduced in psd128 than those of IR64 at the four, six-leaf and maximal tillering stages ( Figure 4A ), indicating that the root vigor of psd128 was much lower than that of IR64 in the same developmental stages. Our result indicated that the premature senescence also occurred in the mutant root system.
We then determine the senescence-related parameters including the enzymatic activities of peroxidase (POD), superoxide dismutase (SOD), catalase (CAT) and ascorbate peroxidase (APX), soluble protein and malonaldehyde (MDA) contents. At the maximal tillering stage, the activities of SOD, POD, APX, soluble protein and MDA contents were similar to those of IR64 except the activity of CAT in the 2nd upper normal green leaves. However, the activities of CAT, POD, SOD and soluble protein content in psd128 were significantly lower than those of IR64 in the 4th upper senescent leaves except the activities of APX, in contrast, Figure ÃÃ , Highly significant at P 0.01. the MDA content was significantly higher than that of IR64 ( Figure 5A -F). At the heading stage, the activities of SOD was significantly decreased in psd128 than that of IR64 while the activities of CAT, POD, APX and the levels of soluble proteins and MDA were similar to those of IR64 in the 2nd upper leaves without obvious senescent phenotype ( Figure 5G -L). The activities of CAT, POD, SOD, APX and the level of soluble proteins were significantly lower than those of IR64 while the content of MDA was significantly higher than that of IR64 in the 3rd upper leaves with severe senescent phenotype ( Figure 5G -L). The above results indicated that the activities of CAT, SOD, POD, APX and the level of soluble protein decreased rapidly while the level of MDA increased significantly in psd128 with the development of premature senescence in comparison to those of the wildtype.
Map-based isolation of OsCDC48
To determine the genetic control of the premature senescence and death phenotype, we crossed psd128 with IR64 and Moroberekan, respectively. The F 1 plants from both crosses exhibited the normal green phenotype, indicating the mutant phenotype was controlled by recessive gene (s). In the F 2 population derived from the cross psd128/PA64, 3424 plants were normal green-leaved and 1192 plants were premature senescence and death, fitting to a 3:1 ratio (x 2 ¼ 1.668 < x 2 0.05 ¼ 3.84). Among the 5690 plants derived from psd128/ Moroberekan, 4221 plants were normal green-leaved and 1469 plants were premature senescence and death, again fitting to the expected 3:1 ratio (x 2 ¼ 2.027 < x 2 0.05 ¼ 3.84). The results indicated that the mutation was controlled by a single recessive gene (Table 3) . To further confirm this observation, six segregating F 3 lines derived from both crosses were planted and phenotyped, again they all fitted to the 3:1 segregation ratios (Table S4) . Taken together, the premature senescence and death trait was controlled by a single recessive gene.
To determine the physical location of the mutation, we first used the balk segregant analysis to rapidly link the mutation and SSR markers on chromosome 3, subsequently 2661 mutant-type individuals (1469 plants derived from psd128/Moroberekan and 1192 plants derived from psd128/ PA64) were used for further mapping and delimited the mutation to a 17.6 kb region flanked by InDel-141 and RM14395 on chromosome 3 ( Figure 4B , Table S5 ). Three open reading frames (LOC_Os03g05710, LOC_Os03g05720, LOC_Os03g05730) were identified in the region based on the annotation in the National Center for Biotechnology Information (NCBI) databank. Sequence analysis indicated that there was no base difference in LOC_Os03g05710 and LOC_Os03g05720 between psd128 and IR64. However, a single base substitution from C to T at position 2347 in the mutant CDS was identified in LOC_Os03g05730 (cell division cycle protein 48, putative, expressed), leading to a premature stop codon TAG. Thus, the locus LOC_Os03g05730, termed as OsCDC48 here afterwards, was considered as the targeted mutation most likely responsible for the mutant phenotype. . Root activity at different stages and map-based isolation of OsCDC48 (A) Triphenyl tetrazolium chloride (TTC) contents (mg/g per h) of IR64 and psd128 were determined using 0.5 g fresh roots according to the method described by Zhao et al. (2002) at the four leaf, six leaf and maximal tillering stages. Values are means AE SD; n ¼ 3;
ÃÃ , Highly significant at P 0.01. (B) A total of 2661 mutant type F 2 individuals were used for fine mapping. Open triangle indicates C to T substitution at position 2347 in the 9th exon. Black arrows indicate introns; open boxes indicate exons; molecular markers used for mapping are listed in Table S5 . Ã , Significance at P 0.05; ÃÃ , high significance at P 0.01. To validate the function of OsCDC48, the complementary vector pCAMBIA1300-OsCDC48 was introduced into the mature embryo-induced calli from psd128 via Agrobacterium tumefaciens (A. tumefaciens)-mediated transformation. Five transgenic plants were obtained and all of them exhibited a normal green phenotype as the wild-type IR64 ( Figure 6A-C) . Furthermore, the RNAi vector pTCK303-RNAi was introduced into the mature embryo-induced calli from cultivar Nipponbare via A. tumefaciens-mediated transformation. Among a total of six RNAi plants obtained, two plants died at the seedling stage, and the remaining four plants all exhibited the premature senescence and death phenotype similar to that of psd128 ( Figure 6D , E). Real-time PCR analysis indicated that the expression levels of OsCDC48 were significantly reduced in the transgenic RNAi plants compared to those of Nipponbare and IR64 ( Figure 6F ). Altogether, our results suggested that the point mutation in OsCDC48 was responsible for the premature senescence and death phenotype. ÃÃ , high significance at P 0.01.
OsCDC48 is constitutively expressed and the mutation affects the expression of senescence-related genes To determine the relative abundance of the transcripts, we performed quantitative reverse-transcription polymerase chain reaction (qRT-PCR) and found that the expression level of OsCDC48 in the roots was significantly higher than those in the stems, leaves and panicles ( Figure 7A ). The expression levels of OsCDC48 were similar in the stems, leaves and panicles. Finally, we carried out the promoter assay in transgenic Nipponbare plants and found that GUS was detected in the roots, stems, leaves and panicles/spikelets in consistent to the qRT-PCR ( Figure 7B ).
To determine the effects of the mutation on the expression of senescence-related genes, we carried qRT-PCR analysis on six negative regulators (TDC, CAT-B, OsGS, OsETR2, JARID1C, OsAkɑGal) and a positive regulator of senescence-related gene (Glu) ( Table S6 ). The expression levels of the six negative regulators in senescent leaves were significantly lower than those of normal leaves of psd128 and IR64, in contrast, the expression level of Glu was significantly higher in senescent leaves (Figure 8 ). The results indicated that the mutation enhanced the expression of the positive regulators while it inhibited the expression of the negative regulator, and accelerated the overall progression to leaf senescence in psd128.
OsCDC48 is located in cytoplasm and nucleus CDC48 fusion proteins have been located in cytoplasm or/and nucleus in other plant species (Park et al. 2008) . To determine its intracellular location in rice, we injected the fusion vector into the tobacco (Nicotiana tabacum) mesophyll cells and found that the OsCDC48:YFP fusion proteins were targeted to the cytoplasm and nucleus as well (Figure 9 ). This is similar to those of NtCDC48 (Nicotiana tabacum CDC48), AtCDC48 (Arabidopsis thaliana CDC48) and NgCDC48 (Nitotiana glutinosa CDC48) (Feiler et al. 1995; Cheng et al. 2007; Bae et al. 2009 ). Interestingly, OsCDC48: YFP fusion proteins were also observed in ER-like structures in the tobacco mesophyll cells in the present study. Whether OsCDC48 is indeed located in ER needs to be validated.
Structural and phylogenic analysis of OsCDC48
The cDNA of OsCDC48 consists of 2,915 bp including a 119 bp 5 0 -UTR, a 366 bp 3 0 -UTR and a 2,430 bp CDS. OsCDC48 has nine exons and eight introns, and encodes a putative AAA-ATPase with 809 amino acid (aa) residuals. The putative OsCDC48 protein has the typical N terminus (1-199 aa), the C terminus (771-809 aa) and two AAA-ATPase domains (D1 from 213-466 aa and D2 from 486-771 aa) ( Figure 10A ). Each of the AAAATPase domains contains the Walker A (magenta color) and Walker B (yellow color) motifs ( Figure 10B ), indicating Table S6 .
ÃÃ , high significance at P 0.01. The accession numbers and primer sequences of seven senescence-related genes (TDC, CAT-B, OsGS, OsETR2, JAIRDIC, OsAkaGal and Glu) are listed in Table S6 . The expression levels were determined by real-time PCR and normalized to the actin (Os03g0718100). The values are presented as the mean AE SD from three biological replicates. ÃÃ , highly significance at P 0.01. OsCDC48 belongs to the family of AAA-ATPase (Stolz et al. 2011 ).
To construct a phylogenic tree, we searched for the NCBI protein database and identified 18 homozygous CDC48 sequences from 17 species ( Figure 10C ). Sequence analysis using the neighbor-joining method showed that these CDC48s were highly conserved with a similarity level ranged from 50%-97% among the living organisms. Especially, the homologous levels of CDC48 among the plant species were as high as 90%-97%, suggesting that the mode of action among CDC48s might be conserved in the organisms. Comparison of the sequence similarity indicated that highly conserved regions were presented in the N-terminus, D1 and D2 domains with exactly the same in the Walker A and Walker B motifs. The main sequence differences were presented in the C-terminus although the DDLYS(N) motif was completely identical among a number of CDC48 proteins (Figure 11 ). In addition, rice has two isoforms of CDC48, OsCDC48 in chromosome 3 and Figure 10 . Predicted amino acid sequence of OsCDC48 and dendrogram of CDC48 proteins (A, B) The N-terminus is underlined (1-191 aa); two ATPase domains are in bold: D1 (213-466 aa) and D2 (486-770 aa); the C-terminus is in bold and underlined (771-809 aa); link 1 (DGEPIKREDEERLDEVGYDDVG) is located between the N-terminus and D1; link 2 (PSALRETVVEVPNVSWEDIG) is located between D1 and D2; two nucleus signal peptides (KK (8Â) RKK and KGKKRKD) are in italics in the N-terminus; the Walker A are in magenta characters; the Walker B are in yellow characters. (C) A total of 18 CDC48 homologs from 17 different species were used for analysis including: OsCDC48 (LOC_Os03g05730), OsCDC48E (Os10g0442600), Arabidopsis thaliana (A. thaliana) (Q9LZF6), Nicotiana tabacum (N. tabacum) (XP_009628175), Glycine max (G. max) (P54774), Sorghum bicolor (S. bicolor) (XP_002465842), Zea mays (Z. mays) (XP_008671992), Triticum urartu (T. urartu) (EMS63012), Capsicum annuum (C. annuum) (Q96372), Archaeoglobus fulgidus (A. fulgidus) (O28972), Caenorhabditis elegans (C. elegans) (P54811), Saccharomyces cerevisiae (S. cerevisiae) (P25694), Danio rerio (D. rerio) (P23787), Drosophila melanogaster (D. melanogaster) (Q7KN62), Mus musculus (M. musculus) (Q01853), Rattus norvegicus (R. norvegicus) (P46462), and Homo sapiens (H. sapiens) (P55072). Distance scale ¼ 0.05. Figure 11 . Alignment of OsCDC48 proteins in plants Nine sequences from eight plant species were aligned using ClustalW software. N-terminus, gray color box; D1, orange color box; D2, purple color box; Walker A, magenta color box; Walker B, yellow color box; C-terminus, black color box. The accession numbers of the nine sequences are OsCDC48 (LOC_Os03g05730), OsCDC48E (Os10g0442600), A. thaliana (Q9LZF6), N. tabacum (XP_009628175), G. max (P54774), S. bicolor (XP_002465842), Z. mays (XP_008671992), T. urartu (EMS63012) and C. annuum (Q96372).
OsCDC48E in chromosome 10. Both of them are highly conserved and share a remarkable high level of similarity at 97% in amino acid residuals. The function of OsCDC48E has yet to be investigated.
DISCUSSION
A premature senescence plant often exhibits some important characteristics such as visible color changes, reduction in photosynthesis, degeneration of chloroplasts, degradation of nucleic acids and proteins, and the translocation of macroand micro-molecules to other parts of the plant, affecting the final grain yield and total biomass production or leading to the death of the senescing plant when the symptom is severe. In the present study, we did not measure the contents of nucleic acids and the remobilization of macro-and micromolecules in spd128, but we did observe the color changes, reduction of photosynthesis, degeneration of chloroplasts, changes of senescence-related parameters and lowered performance of agronomic traits. The results were similar to those found in other pre-senescing mutants in rice although the genes in charge might be different (Li et al. 2005; Jiao et al. 2012) .
The premature senescence and death phenotype in psd128 is controlled by a single Mendelian factor OsCDC48 in chromosome 3. Three more premature senescence-related genes have been identified in the chromosome including psl2 , esl5 (Sang et al. 2014 ) and D343 (Xiao, 2012) . All of these genes are located in the different regions in comparison to that of OsCDC48 and none of them have been isolated. In the present study, we isolate OsCDC48 and prove that a single base substitution in the 9th exon at position (C2347T) resulting in a premature stop codon is responsible for the mutant phenotype. To our knowledge, this is the first report on isolation of OsCDC48 encoding a putative AAAATPase conferring premature senescence and death phenotype in rice (Oryza sativa L.).
OsCDC48 is constitutively expressed in the roots, stems, leaves and panicles/spikelets in psd128. The highest expression level of OsCDC48 is observed in the roots and is significantly different from those of stems, leaves and panicles/spikelets in psd128. This is probably due to the root samples containing the meristematic tissue. Similarly, the A. thaliana CDC48A (AtCDC48A) is also constitutively expressed but with the highest level in proliferating cells of the young shoots, roots and flowers (Feiler et al. 1995; Park et al. 2008 ). To date, most studies of CDC48 proteins in plants have been performed with Arabidopsis. Further experiments are required to prove whether active expression of CDC48 is associated with proliferating cells in other plants including rice.
Many studies have shown that CDC48 proteins are localized to the nucleus and cytoplasm. Specifically, CDC48s are targeted to ER and associated with its well known function in ERAD in the yeasts, nematodes and mammals (Ye et al. 2001; Jarosch et al. 2002; Rabinovich et al. 2002) . In addition to its ER location, YFP-AtCDC48A fusion proteins are targeted to cytoplasm, nuclear envelope, nucleoplasm and nucleolar cavity in A. thaliana. This wild distribution of CDC48 is consistent with its critical roles in cell division, expansion, growth and development (Park et al. 2008) . Similarly, the tobacco NtCDC48-GFP fusion proteins are targeted to the cytoplasm and nucleus, especially to both sides of a cell plate in the phragmoplast zone at anaphase (Feiler et al. 1995; Rancour et al. 2002; Cheng et al. 2007 ). The results imply that the NtCDC48 may regulate spindle disassembly in the cell division cycle. Recently, a homolog of AtCDC48, AtOM66, was identified and located to the outer mitochondrial membrane. It plays a role in determining the progression to cell death in response to abiotic and biotic stresses . In Oryza sativa, the OsCDC48: YFP fusion proteins are located in the cytoplasm and nucleus as well. Furthermore, the fusion proteins are also targeted to the ER-like structure in the tobacco mesophyll cells. Whether the fusion protein is indeed located in ER and its association with premature senescence in rice has yet to be further validated.
CDC48 is a member of AAA-ATPase family proteins and regulates ATP hydrolysis to provide energy for the development of a plant. However, the specific roles or pathways in which CDC48 is involved largely depend on its structural sites that interact with its cofactors such as Ufd2, Ufd3 and PNGase (Janiesch et al. 2007 ). It has been reported that the six amino acid residuals (DDDLYN) in the C-terminal of CDC48 are necessary for binding to Ufd2 (Baek et al. 2011) while Ufd3 is also able to bind to the C-terminal of CDC48 through its PUL domain for substrate degradation (Ghislain et al. 1996; Zhao et al. 2009 ). In addition to Ufd2 and Ufd3, the mouse peptide N-glycanase (mPNGase) has been reported recently to interact with the C-terminus of mouse CDC48 in ER-associated degradation of misfolded glycoproteins (Li et al. 2006 ). In the rice psd128, a single base substitution causes putatively a truncated OsCDC48 lacking of 38 amino acid residues at the C-terminus. It seems that the C-terminal tail of OsCDC48 is unique and irreplaceable for the survival of rice plants especially in the late stage of development although rice has two isoforms of CDC48 with a high degree of identity in the protein level. The role of OsCDC48E remains elusive, and the knockout or site-specific editing of OsCDC48E using transcription activator-like effector nucleases (TALENs) and clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 systems would likely help for the validation of its function (Mahfouz et al. 2014) . Nevertheless, identification of cofactors interacting with the C-terminus of OsCDC48 will be crucial to the elucidation of its function on premature senescence and plant survival. The isolation of OsCDC48 in the present study would facilitate further studies on the mechanism governing for the premature senescence and death phenotype in rice.
MATERIALS AND METHODS
Plant materials
The premature senescence and death 128 (psd128) mutant was isolated from an ethyl methane sulfonate (EMS)-induced indica rice IR64 mutant bank (Wu et al. 2005) . The mutant trait has been stably inherited for more than nine generations under different locations at Lingshui, Hainan and Hangzhou, Zhejiang, China. psd128 was crossed to the parental lines including PA64 and Moroberekan, respectively, to generate F 2 populations for genetic and mapping analysis. The wild-type IR64 and the mutant were grown in the paddy field at the China National Rice Research Institute (CNRRI) in 2012 for the evaluation of agronomic traits including plant height, number of tiller/plant, panicle length, number of filled grains/panicle, seed-setting rate and 1000-grain weight. The means from three measurements were used for analysis.
Histochemical analysis
Leaf samples from the wild-type IR64, and psd128 with and without premature senescence phenotype were collected at the tillering stage. The detection of H 2 O 2 accumulation was carried out using diaminobenzidine (DAB) staining as described by Thordal et al. (1997) . For b-glucuronidase (GUS) assay, a 2406 bp fragment upstream of the start codon covering the promoter of OsCDC48 was amplified from the IR64 genomic DNA using the following primers (OsCDC48-QF: 5 0 -TCCCCCGGGTGGGTTGTTGGGTGTCTCTTCT-3 0 and OsCDC48-QR: 5 0 -CGGAATTCCATTAGAAGCATTGGTTTTGTGAG-3 0 ). The promoter was then inserted into SmaI and EcoRI doubledigested pCAMBIA1381Z-C vector to generate a new vector pCAMBIA1381Z-C-gus for the transient expression analysis of GUS. pCAMBIA1381Z-C-gus was transferred into A. tumefaciens strain EHA105 and introduced into the mature embryoinduced calli from Nipponbare through A. tumefaciensmediated transformation (Hiei et al. 1994) . Samples from the roots, leaves, stems and panicles of the transgenic and the wild-type plants were stained following the method described by Jefferson et al. (1987) .
Measurement of photosynthetic pigments and chlorophyll fluorescence Chlorophyll (Chl) a and b contents were measured at the fourand six-leaf stages in the seedlings, the 2nd upper and 4th upper leaves at the maximal tillering stage, the 2nd, 4th upper and flag leaves at the heading stage as described by Arnon (1949) while the carotenoid contents from the same leaves were determined following the method described by Wellburn (1994) . The means from three measurements were used for analysis.
Photosynthetic parameters were measured at 9:00-10:00 am in psd128 and IR64 under field conditions using the portable Li-6400 (Li-COR, Lincoln, NB, USA). All the measurements were taken at the saturation irradiance with an incident photosynthetic photo flux density (PPFD) of 1,200 mmol Á m À2 Á s À1 and an airflow rate at 500 mmol Á s À1 . These parameters include: net photosynthetic rate (Pn:
) and transpiration rate (Tr: mmolH 2 O Á m À2 Á s À1 ). Chlorophyll fluorescent parameters were measured using the PAM-2500 chlorophyll fluorescence system (Heinz Walz, Effeltrich, Germany) under field conditions. Briefly, leaves were dark-adapted for 30 min, and then continuously illuminated with actinic light at an intensity of 1,100 mmol Á m À2 Á s À1 for 5 min. The minimum fluorescence (F 0 ) and maximum fluorescence (Fm), effective photochemical quantum yield of PSII (Y(II)) and electron transport rate (ETR) of photosynthetic system II (PSII) were measured under the same conditions. The maximum photochemical quantum yield of PSII, Fv/Fm, was calculated as Fv/ Fm ¼ (FmÀF 0 )/Fm (Kitajima and Butler 1975) , and the effective photochemical quantum yield of PSII, Y(II), was calculated as Y(II) ¼ (Fm 0 ÀF 0 )/Fm 0 (Genty et al. 1989 ). The means from three measurements were used for analysis.
Transmission electron microscopy
Leaf sections with premature senescence from psd128, and leaf sections with normal green leaves from psd128 and IR64 at the tillering stage were fixed in 2.5% (v/v) glutaraldehyde (0.2 M phosphate buffer; pH 7.2) for 16 h at 4°C. After three brief rinses with the phosphate buffer, the samples were treated with 1% (w/v) osmium tetroxide at 4°C for overnight, and then dehydrated through ethanol series (50%, 70%, 85%, 95%, 100% (v/v)). Ethanol was subsequently replaced by a series of Spurr's resin dilutions (25%, 50%, 75%, 100% (v/v)). The samples were embedded in the Spurr's resin for 16 h at 65°C to thin sectioning. Samples were stained with uranyl acetate and examined with a Tecnai G2 F20 transmission electron microscope at the College of Agriculture and Biotechnology, Zhejiang University.
Assay of enzymatic activity and senescence-related parameters All experiments were carried out using the 2nd and 4th upper leaves at the maximal tillering stage, and the 2nd, 4th upper and flag leaves at the heading stage. The activities of CAT and APX were measured following the methods of Zhao et al. (2002) . The activity of POD was determined using the method of Chance and Maehly (1995) . The activity of SOD was determined using the method of Beauchamp and Fridovich (1971) . The content of MDA was measured according to the method of Heath and Packer (1968) . The contents of soluble proteins and triphenyl tetrazolium chloride (TTC) were determined as described by Zhao et al. (2002) . For the detection of TTC, rice plants were cultured in the nutrient liquid according to the protocol developed by the International Rice Research Institute (Yoshida et al. 1976) . For detection of the other remaining parameters, leaf samples were taken from the plants growing in the paddy field at CNRRI. The means from three measurements were used for analysis.
Fine mapping of the mutation F 1 plants derived from the crosses of psd128/PA64 and psd128/ Moroberekan, were grown in the paddy field at Lingshui Experimental Station of CNRRI in 2011 to determine if the mutation is dominant or recessive. F 2 individuals from both crosses were grown in Hangzhou in the summer of 2011 and were phenotyped for segregation analysis. The individuals with the mutant phenotype from these two populations were collectively used for mapping of the mutation. F 3 segregation lines from the two crosses were phenotyped for confirmation of the segregation the next season in Hangzhou in 2012. Bulk segregant analysis was first used to rapidly locate the mutation on a chromosome and a physical linkage map was then constructed using additional markers surrounding the mutation. Equal amount of leaf blades from each of 10 wildtype and 10 mutant type plants were collected for DNA extraction to form a wild-type DNA pool and a mutant-type DNA pool, respectively. DNA of the parents and F 2 individuals with the mutant phenotype were extracted following the mini-preparation method (Lu and Zheng 1992) . Simple sequence repeat (SSR) markers were obtained from the website (http://www.gramene.org/) while insertion/deletion (InDel) markers were designed using the Primer 5.0 and DNAStar 5.0 software after comparison of the sequences between the japonica cultivar Nipponbare and the indica cultivar 9311 in the public databases: RGP (http://rgp.dna.affrc. go.jp/E/toppage.html), Gramene (http://gramene.org/ genome_ browser/index.html) and the Gene Research Center of the Chinese Academy of Sciences (http://rice.genomics.org. cn/rice/index2.jsp). The primers were synthesized by Sangon Biotech (Shanghai, China). PCR reaction and detection were carried out as described previously (Shi et al. 2009 ).
Functional complementation and RNAi
For function complementation of the mutation, the wild-type allele of OsCDC48 was amplified using the forward primer OsCDC48-F (5 0 -TATGACCATGATTACGAATTCTGGTTACTTTTGT-TATCTCCCGTT-3 0 ) and the reverse primer OsCDC48-R (5 0 -ACGACGGCCAGTGCCAAGCTTGTCCAGAATCATTTAGCAAAG-CAC-3 0 ). A 7730 bp genomic DNA covering a 2142 bp promoter region upstream of the 5 0 UTR, a 4382 bp from the start to the stop codon and a 1183 bp downstream the 3 0 UTR was amplified and ligated into EcoRI and HindIII double-digested pCAMBIA1300 to generate a complementary vector pCA-MIA1300-OsCDC48 ( Figure S1A ). The vector was mobilized to A. tumefaciens strain EHA105 by freeze-thaw method (Dityatkin et al. 1972) , and introduced into the mature embryo-induced calli from psd128 through A. tumefaciensmediated transformation (Hiei et al. 1994) .
For RNAi of OsCDC48, a 380 bp fragment (position 102-481) from the wild-type cDNA of OsCDC48 was amplified using the following primers (CDC48-GSF: 5 0 -GGGGTACCAC-TAGTCGAATCCGCCGACTCCCAT-3 0 and CDC48-GSR: 5 0 -CGGGATCCGAGCTCCACACGCTTGCCGTATTTGACAT-3 0 ). The fragment was inserted into the SpeI and SacI double-digested pTCK303 vector to form an intermediate vector pTCK303-GS. The 380 bp fragment was then inserted into KpnI and BamHI double-digested pTCK303-GS to generate the RNAi vector pTCK303-RNAi ( Figure S1B ). pTCK303-RNAi was then transferred to A. tumefaciens strain EHA105 and introduced into the mature embryo-induced calli from Nipponbare through A. tumefaciens-mediated transformation (Hiei et al. 1994) .
Gene expression analysis
For the quantitative reverse-transcription PCR (qRT-PCR) analysis of OsCDC48, the total RNAs were extracted from the roots, leaves, stems and panicles of psd128 and the wild-type IR64 at the heading stage using the Trizol reagent following the manufacture's instruction (Aidlab Biotechnologies (Beijing), China). Total RNAs from the RNAi transformants, Nipponbare and IR64 plants were extracted from the leaves at the seedling stage using the same method as above. The first-strand cDNA was synthesized using ReverTra Ace qPCR RT Master Mix according to the manufacturer's protocol (TOYOBO Biotech (Shanghai), China). qRT-PCR was performed on a Thermal Cycler Dice Real Time System II following the manufacturer's instruction (TaKaRa Biotechnology (Dalian), China). Primers for qRT-PCR are listed in Table S6 . PCR reaction and detection were carried out as described previously (Feng et al. 2013) .
For qRT-PCR analysis of the senescence-related genes (Table S6) , total RNAs were extracted from IR64, psd128 with and without premature senescence phenotype at the maximal tillering stage using the method described as above. PCR was carried out in a Thermal Cycler Dice Real Time System II following the manufacturer's instruction (TaKaRa Biotechnology (Dalian) China). The means from three replications were used for analysis.
Subcelluar localization
A full length coding sequence (CDS) from the wild-type IR64 was synthesized using the following primers (OsCDC48-YF: 5 0 -GCTCTAGANNACACCCAACAACCCAAAACCT-3 0 and OsCDC48-YR: 5 0 -CGGGATCCNNAGCGGATGCGAAGGGGTCA-3 0 ). The 2427 bp CDS without the stop codon was double-digested with XbaI and BamHI, and then ligated into XbaI and BamHI double-digested vector pCAMBIA1300-YFP containing the yellow fluorescent protein (YFP) reporter gene to form a new construct pCDC48-YFP which was then introduced into the A. tumefaciens strain EHA105 by the freeze-thaw method (Dityatkin et al. 1972) , and transformed into the mesophyll cells of Nicotiana tabacum containing the red fluorescence signal in its nucleus (35S::RFP:H2B) through injection. Observation was made under a confocal fluorescence microscope Zeiss LSM 780 (Carl Zeiss AG, Germany).
Phylogenetic analysis
BLAST analysis was performed on the NCBI website (http:// www.ncbi.nlm.nih. gov/) to search for homologs of OsCDC48. A total of 18 sequences from 17 species were identified (Figure 11 ). The sequences were aligned using ClustalW software and the neighbor-joining tree was generated using the Poisson correction method in MEGA 6.0 software (Tamura et al. 2007 ). Bootstrap replication with 1,000 times was used for a statistical support for the nodes in the phylogenetic tree.
Accession Numbers
Sequence data from this article can be found in GenBank database (http://www.ncbi.nlm.nih.gov/) under the following accession numbers: Genomic DNA of OsCDC48 (KP718614); CDS of OsCDC48 (KP718613). 
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